The formation process from the intermetallic compound LaMg2Ni to a complex hydride (deuteride) LaMg2NiD7 composed of La 3+ , 2×Mg 2+ , [NiD4] 4-, and 3×D -was investigated by in-situ powder neutron diffraction under deuterium gas pressure at room temperature. Below 0.001 MPa, small amount of deuterium was initially dissolved in the lattice of LaMg2Ni forming LaMg2NiD0.05 and two new hydride phases (LaMg2NiD x 1 and LaMg2NiD x 2) were continuously yielded. Furthermore, LaMg2NiD4.6 with NiD1.9 and NiD3.3 units and interstitial deuterium atoms was formed prior to appearing of LaMg2NiD7. From their Bragg peak positions, the deuterium contents x1, and x2 were inferred as 0.05 < x1 < x2 < 4.6. At approximately 0.001 MPa, LaMg2NiD7 started forming. Since the intermediate deuterides had similar metal atomic framework of LaMg2Ni, we revealed that LaMg2NiD7 formation proceeded through multiple deuteride phases with maintaining of the metal atomic framework of LaMg2Ni.
Introduction
Complex hydrides are composed of metal cation(s) such as Li + 4- , in which the hydrogen atoms as ligand covalently bond to the central atom. The complex hydrides are attractive due to a wide variety of functionalities, such as hydrogen storage, superconductivity, fast ionic conductivity, magnetism, and metal-insulator transition [1] [2] [3] [4] [5] [6] .
Although the formation process of complex hydrides is of both fundamental and technological interest in order to further understand such functionalities, it remains incompletely understood because of the large accompanying reconstructions of the metal atomic frameworks. For instance, a complex hydride YMn2H6, in which Y is coordinated by four Mn ([MnH6] 5-), is yielded from YMn2, in which Y is coordinated by twelve Mn (Laves polyhedron) [7] . In contrast, the complex hydride LaMg2NiH7 reported by Yvon et al., composing of La 3+ , 2×Mg 2+ , [NiH4] 4-, and 3×H -, is formed from an intermetallic compound LaMg2Ni where the metal atomic framework of LaMg2Ni is maintained ( Fig. 1 ) [8] [9] [10] [11] . Then, the formation process of LaMg2NiH7 is suggested to infer from the atomic arrangements in the same manner that many interstitial hydrides have been investigated. From our recent investigations on the hydrogenation reaction of LaMg2Ni, we discovered that LaMg2NiH7 formation was preceded by an intermediate phase LaMg2NiH4.6 [12] . Using powder neutron diffraction (PND) on a deuteride analog prepared in an ex-situ experiment, LaMg2NiH4.6 was elucidated to adopt a monoclinic crystal structure (a = 8.592 Å, b = 7.995 Å, c = 6.099 Å, and β = 99.318º in the space group P21/m (No. 11)) with NiH1.9 and NiH3.3 units, and interstitial hydrogen atoms (see Fig. 1 ). The NiH1.9 and NiH3.3 units have similar atomic arrangements as the complex anion [NiH4] 4-in LaMg2NiH7. Using theoretical calculations, LaMg2NiH4.6 was confirmed to be a metallic hydride and the results showed to be the covalent bonding between Ni and H in the NiH1.9 and NiH3.3 units. Thus, the NiH1.9 and NiH3.3 units could be the basis for the formation of the complex anion [NiH4] 4-in LaMg2NiH7. Such units have also been reported in hydrides of rare earth and transition metals (e.g., Ce2Ni7H4.7), MgNi2H3 and Pd-based complex hydrides (e.g., Li2PdH2) [13] [14] [15] [16] [17] [18] [19] . Since the NiH1.9 and NiH3.3 units were reminiscent of [NiH4] 4-and similar to their related hydrides, they were suggested to be precursors for formation of the complex anion
[NiH4] 4-in our previous work [12] .
In this study, we performed an in-situ PND experiment under deuterium gas pressure to directly observe and further elucidate details of the formation process from LaMg2Ni to LaMg2NiD7.
Experimental methods
LaMg2Ni was prepared by induction melting of a mixture of La ingots (Sigma-Aldrich, 99.9%) and Mg2Ni powder (Kojundo Chemical Laboratory, 99.9%) in a molar ratio of 1:1.
The details are described in ref. 12 .
The in-situ PND experiment was performed at room temperature under deuterium gas pressure (<5 MPa) on the NOVA at the Material and Life Science Experimental Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC), Japan.
LaMg2Ni (1.8142 g) was filled in a cylindrical single-crystal sapphire sample container with an outside diameter and thickness of 10.8 mm and 2.5 mm, respectively. The deuterium gas was loaded to the cylindrical single-crystal sapphire sample container every 4 h and the deuterium gas pressure was gradually increased up to 5 MPa. In this paper, deuterium gas pressure refers to 4 h later after the deuterium loading. PND patterns were obtained from the detectors of medium resolution (Δd/d ≈ 0.6%) with the scattering angles 2θ = 72−108° every 4 h. Subtraction of the contribution of the sample container was performed with separately measured diffraction data of container without sample. The detector pixels contain Bragg peaks of the single-crystal sapphire were identified and these pixels were not used in the data analysis. The PND patterns included the contribution from the sample container, which was separately observed by NOVA at room temperature, then subtracted.
The unit cell parameters were calculated by the indexing programs TREOR97 [20] and PIRUM [21] and the Rietveld analysis was performed using the GSAS software with the graphical interface EXPGUI (version 1.80) [22] on the PND data with dspacing = 0.66 to 6.55 Å. Profile function developed by Von Dreele et al was used for the Rietveld analysis [23] . The background was modeled by 16-terms Chebyschev polynomial function model in GSAS.
The sample was handled in Ar or He gas filled glove boxes with a dew point below 183
K and with less than 1 ppm of O2 to prevent (hydro-) oxidation.
Results and discussion Figure 2 shows PND patterns under deuterium gas pressures from below 0.001 to 4.34 MPa at room temperature. The minimum measurable pressure is 0.001 MPa in this experiment. In this paper, we refer pressures lower than the minimum measurable pressure to below 0.001 MPa. The data are compared with the simulated PND patterns of LaMg2Ni, LaMg2NiD4.6, and LaMg2NiD7, respectively. It is observed shifts in Bragg peak positions, new Bragg peaks appear, and Bragg peaks of LaMg2NiD4.6 and LaMg2NiD7 are observed already at deuterium pressure below 0.001 MPa and at room 4 temperature. These peak shifts and presence of new peaks were not observed in our previous ex-situ experiment [12] . This suggests that LaMg2Ni starts absorbing deuterium below 0.001 MPa and with changes in the crystal structure. The deuteration reaction temperature and pressure are much lower than in previous reports [8] [9] [10] [11] [12] . The remaining LaMg2NiD4.6, which is approximately 30 wt.% in the PND analyzed by the Rietveld refinement, at 4.34 MPa is attributed to the slow kinetics of the deuteration reaction from LaMg2NiD4.6 to LaMg2NiD7 at room temperature. This reaction was completed at higher temperatures in the hydride analog LaMg2NiH4.6.
The formation process from LaMg2Ni to LaMg2NiD7 proceeds by three steps; (1) an initial deuteration reaction starting immediately in 4 h after deuterium gas loading, (2) an intermediate reaction below 0.001 MPa (32 h later after deuterium gas loading), and (3) final formation above 0.001 MPa. In the (1) and (2) [8, 9] . Following the deuterium gas loading, the a-and c-axes are slightly elongated and shortened respectively, while the b-axis is almost unchanged by dissolution of deuterium in the lattice of LaMg2Ni. In order to clarify if deuterium atoms are dissolved in the lattice of LaMg2Ni, Rietveld analysis on the PND pattern 4 h after deuterium gas loading was performed. The stoichiometry of the deuterium dissolved phase is determined as LaMg2NiD0.05 with deuterium located on a tetrahedral site coordinated by two La and two Mg atoms, and on a site coordinated by one La and two Mg atoms (the crystallographic parameters and Rietveld refinement fits are shown in Supplementary material). Such deuterium dissolved phases have also been reported in the initial deuteration reactions of the intermetallic compounds LaNi5 and Mg2Ni, which form LaNi5D0.3 [24] and Mg2NiD0.3 [25] , respectively. The volume expansions is much smaller in LaMg2NiD0.05 (less than 0.1%) than in LaNi5D0.3 (0.4%) and Mg2NiD0.3 (4%). Even for the fully deuterided phases, the volume expansions in LaMg2NiD7 (19%) is significantly smaller than in LaNi5D6 (25%) and Mg2NiD4 (32%). In the initial intermetallics the distances between the metal atoms in LaMg2Ni is bigger than in LaNi5 and Mg2Ni. The shortest interatomic distances are listed in Table 2 . This suggests that LaMg2Ni has more voids for accommodation of deuterium (hydrogen) atoms in the crystal structure than LaNi5 and LaMg2NiD x 2 are suggested to be 0.05 < x1 < x2 < 4.6. At this stage of the reaction, the deuterium atoms in LaMg2NiD x 1 and LaMg2NiD x 2 could be located in interstitial sites close to the Ni atoms as LaMg2NiD4.6 (Fig. 1) .
Above approximately 0.001 MPa, both LaMg2NiD x 1 and LaMg2NiD x 2 disappear and the deuteration reaction proceeds from LaMg2NiD4.6 to LaMg2NiD7. During the reaction, neither Bragg peak shifts nor unknown Bragg peaks are observed, indicating the direct formation of LaMg2NiD7 from LaMg2NiD4.6 under this condition. As mentioned above, LaMg2NiD4.6 and LaMg2NiD7 adopt similar metal atomic frameworks to LaMg2Ni (see Fig. 1 ). Thus, we have revealed that LaMg2NiD7 forms through multiple deuteride phases with similar metal frameworks of LaMg2Ni.
Conclusions
We have performed an in-situ PND experiment at deuterium gas pressures below 5
MPa at room temperature. The experiment directly and precisely revealed the formation process from LaMg2Ni to LaMg2NiD7 composed of La 3+ , 2×Mg 2+ , [NiD4] 4-, and 3×D -. Even at room temperature, LaMg2Ni started absorbing deuterium below 0.001 MPa, forming a deuterium dissolved phase (LaMg2NiD0.05). Continuously, two new phases were identified (LaMg2NiD x 1 and LaMg2NiD x 2). After the formation of those deuteride phases, LaMg2NiD4.6 with NiD1.9 and NiD3.3 units, and interstitial deuterium atoms was formed. The Bragg peak positions of LaMg2NiD x 1 and LaMg2NiD x 2 implied that their crystal structures including deuterium atomic positions resembled that of 6 LaMg2NiD4.6, but with lower deuterium contents than LaMg2NiD4.6 (0.05 < x1 < x2 < 4.6). In the final reaction step, LaMg2NiD4.6 was formed into LaMg2NiD7. Thus, the insitu PND experiment revealed that LaMg2NiD7 forms via multiple deuteride phases, in which the deuterium atoms were first dissolved in the lattice of LaMg2Ni, then locate in the interstitial sites and around the Ni atoms, and finally become covalently bonded to Ni, forming the complex anion [NiD4] 4-.
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